From the results of this study it can be concluded that higher stearic acid concentration as a part of curing activator and high level of curative (i.e. sulfur and accelerator) causes higher crosslink density, tensile strength, modulus and hardness, and lower NBR to nylon-PET cord adhesion. Accelerator type also affects NBR/nylon-PET cord adhesion and using NOBS the highest coating adhesion is achieved. Using semi-efficient vulcanizing (i.e. accelerator/sulfur ratio around 1) is the most suitable way for achieving high NBR/nylon cord adhesion. And finally, independent from accelerator type, sulfur amount and efficiency of vulcanizing system, coating adhesion is a semi-linear function of crosslink density of nitrile rubber.
Introduction
Rubber composites are widely used in many applications such as tires, belts, hoses and packaging. Although the rubber has good mechanical properties but reinforcing fiber is required to improve strength and dynamic properties of rubber. Therefore, the adhesion between rubber matrix and reinforcing fiber is a key factor which determines the mechanical properties of the rubber composites [1] [2] [3] . Factors affecting rubber to cord adhesion have been discussed by several authors [4] [5] [6] [7] [8] [9] [10] [11] . These factors can be attributed to rubber compound characteristics or fiber characteristics.
Cords which are used widely in tire and other rubber industries, such as nylon cord, commonly are coated with adhesion promoters and resins which improve the adhesion of the rubber to the cord. Therefore optimizing the variables of rubber compounding is a common and economic technique for improving rubber to cord adhesion in rubber industries. Many authors have studied nylon cord to tire rubbers adhesion [5] [6] [7] [8] [9] but there are few papers which have discussed nitrile rubber (NBR) to nylon cord adhesion [10] [11] . In this paper the effect of curing system on mechanical properties of NBR and rubber to the hybrid of nylon and poly ethylene terephthalate (PET) cord is investigated.
Results and Discussion

Effect of stearic acid concentration
Formulation used for studying the effect of stearic acid concentration on mechanical properties of NBR compound and NBR/Nylon-PET cord composites are tabulated in It can be seen that increase in stearic acid concentration causes increase in crosslink density while it has no significant effect on cure properties (i.e. scorch time and optimum cure time). In addition, stearic acid level does not affect tensile properties (i.e. tensile strength, elongation at break and modulus) in significant way but higher levels of stearic acid improve hardness while decrease coating adhesion. It seems stearic acid level does not change time of curing process but increases its efficiency so that as a result crosslink density of NBR network increases; however, it decreases the adhesion between NBR and nylon/PET cord. 
Effect of accelerator type
Three different accelerators (i.e. NOBS, CBS and MBTS) with varied sulfur levels (i.e. 1, 2 and 3phr) were examined. The formulation and properties of NBR are summarized in Table 2 . Effect of accelerator type and sulfur level on crosslink density, coating adhesion, tensile strength and elongation at break is shown in Figures 2 and 3 .
These data show that scorch time and optimum cure time of NBR compound decrease with increasing in sulfur amount, while crosslink density of vulcanized NBR increases. Higher crosslink density of NBR vulcanizates which contain more sulfur causes higher hardness, tensile strength and modulus but lower elongation at break. Adhesion of NBR to nylon-PET cord decreases on increase in sulfur level. It can be attributed to higher crosslink density of NBR. It seems stronger NBR network causes lower NBR/ cord interaction.
CBS vulcanized NBR compounds have longer scorch time but shorter optimum cure time than NOBS or MBTS vulcanized NBR. Higher cure rate of CBS vulcanized NBR causes higher crosslink density and as a result higher hardness, tensile strength and modulus and lower elongation at break and coating adhesion in comparison with MBTS and NOBS.
In the case of NOBS and MBTS, it can be seen that scorch time and optimum cure time of the compounds are approximately in the same range.
While crosslink density of MBTS vulcanized NBR compounds is more than that of NOBS (MBS) which can be attributed to more activity ( i.e. approximately 2 times) of MBTS compared with NOBS (MBS). Tensile strength and modulus of NOBS vulcanized NBR compounds is less than MBTS cured samples while the hardness of them is in the same range.
Using NOBS as curing accelerator in NBR compounds results in higher coating adhesion compared with MBTS due to lower crosslink density of NBR network which is vulcanized using NOBS.
Tab. 2. Formulation used for studying the effect of accelerator type. It seems more crosslink formation in NBR network which is vulcanized using MBTS or CBS as accelerator cause less bond formation between nitrile rubber and nylon-PET cord. Formation of covalent bonds between NOBS molecules and nylon cord has been reported by Darwish also [10] .
Ingredients
The surface of rubber after H-pull test was studied using scanning electron microscope (SEM). Figure 5 shows the SEM photographs of the samples which are vulcanized using NOBS as accelerator with different sulfur level (i.e. A: 1phr, B: 2phr and C: 3phr). Less tear lines can be seen in the surface of sample C (NBOS/S=1/3) compared with samples B (NOBS/S=1/2) and A (NBOS/S=1/1), respectively. More stretched rubbery zones in sample A compared with B and C is another evidence of more rubber to cord adhesion and less crosslink density of sample A which is vulcanized using 1phr NOBS and 1phr sulfur compared with samples B and C which are vulcanized using 1phr NOBS and 2 and 3phr sulfur, respectively. 
Effect of curing system efficiency
Concentration of curatives (i.e. accelerator and sulfur) as well as efficiency of curing system using NOBS as accelerator is also studied. Used formulation and properties of samples are illustrated in Table 3 .
The results show that scorch time and optimum cure time of NBR compound decrease and crosslink density of vulcanized NBR increases by increase in both sulfur and accelerator concentration.
Accelerator/sulfur ratio also affects mechanical properties of NBR vulcanizates and NBR/nylon-PET cord adhesion (see Figure 5 ). This figure shows that maximum coating adhesion and elongation at break and minimum tensile strength modulus and crosslink density are achieved using semi efficient curing system based on NOBS as accelerator. It can also be seen that sensitivity of properties in efficient curing system to accelerator/sulfur ratio is less than conventional systems.
It seems in the case of conventional curing system (i.e. accelerator/ sulfur ratio less than 1) accelerator concentration is not enough for optimum crosslinking and in efficient curing systems (i.e. accelerator/ sulfur ratio more than 1) sulfur level is not enough for formation of more crosslinks.
According to an old study [14] in high sulfur systems (conventional vulcanization) polysulfide (C-S X -C, X>2) links are formed while in semi-efficient vulcanization disulfide crosslinks (C-S-S-C) are formed and with very low sulfur vulcanization mono-sulfide and disulfide (C-S-C, C-S-S-C) crosslinks predominate. Based on current study, it is likely that disulfide links cause higher NBR/nylon-PET cord adhesion compared with mono-sulfide and specially polysulfide crosslinks. This may be due to need of optimum amount of NOBS and sulfur amount which is enough for diffusing from the rubber to the cord and co-vulcanization of them together.
Tab. 3. Formulation used for studying the effect of curing system efficieny and concentration of curatives. Looking at properties of H1,H2,H3,L1,L2,L3,L4 and L5 samples (figures 6 and 7) it can be said that increase in both accelerator and sulfur concentration increases tensile strength, modulus and hardness while elongation at break of rubber compound and coating adhesion of rubber/cord composite decreases. It seems due to higher level of curatives, increasing in crosslink density causes stronger elastomer network and weaker elastomer/nylon-PET cord interaction. Effect of sulfur concentration, the major component of vulcanization reaction, on the above properties is more than accelerator level.
Ingredients
In the case of sample L6 (i.e. NOBS/sulfur=2/3), it can be seen that crosslink density increased slightly while tensile strength decreases and hardness is constant in comparison with L4 and L5 samples. But coating adhesion of L6 is significantly less than L4 and L5. It can be attributed to over-crosslinking of NBR compound due to high concentration of curatives. The results show that crosslink density of NBR has the major role on rubber/cord adhesion. Coating adhesion of all samples versus crosslink density is shown in Figure 8 . It can be seen that crosslink density controls coating adhesion independent from accelerator type and curative concentration. Good linearity of coating adhesion as a function of crosslink density is a suitable guide for prediction of NBR/Nylon-PET cord adhesion according to crosslink density of vulcanized NBR. 
Experimental
Materials
Polyester/Nylon 66 (EP 80, polyester formed the wrap and nylon formed the weft, Density (Ends/10cm): Wrap 110±2 and Weft 86±2, RFL dipped) was supplied by Wuxi Taiji industry Co. Ltd. The Characteristics of other materials are tabulated in Table 4 .
Curing
Cure rate, scorch time (t 5 ) and cure time (t 95 ) of the rubber compounds were detected using an oscillating disk cure meter, 4308 Zwick (Germany) at a test temperature of 140 0 C, then the compounds were molded using a 25 tone press (Davenport, England) at 140 0 C based on their respective t 95 value for tensile and hardness tests . While NBR/nylon-PET composites were vulcanized using an advanced autoclave under 3 bar pressure at 140 ºC.
Mechanical properties
Tensile properties of rubber vulcanizates were measured following ASTM D412 using a MTS tensometer at 500mm/min cross head speed. Hardness (shore A) was done using Zwick (Germany) hardness tester according to ASTM D2240.
Crosslink density
The crosslink density was determined by equilibrium swelling. Samples were swollen in Benzene at room temperature for 72 hours and then removed from the solvent, and the Benzene on the sample surface was quickly blotted off with tissue paper. The samples were immediately weighed on an analytical balance, and then dried. V r , the volume fraction of rubber in swollen gel, representing the crosslink density of the vulcanizates, was determined by the following equation:
Where m 0 is the sample mass before swelling, m 1 and m 2 are samples masses before and after drying, Φ is the sample fraction of rubber in the vulcanizate, α is the mass loss of gum NBR during swelling, and ρ r and ρ s are the density of the rubber and solvent, respectively. [12] Tab. 4. Characteristics of materials used in this study. 
Material
Coating adhesion'
H-pull test was used to measure the coating adhesion [13] . The average from five samples for each formulation is reported. The schematic diagram of the test is shown in Figure 9 . The separated ends of the samples were fixed in the grips of the test machine with approximately 180° separation angle. The applied force for separation over a 10 cm length was recorded.
Surface analysis
The failure mechanisms of rubber/cord composites were investigated using an Oxford Scanning Electron Microscope (SEM), (model S360 Cambridge, England) at 25 kv accelerating voltage. Fig. 9 . The schematic diagram of coating adhesion test [13] . (Dimensions are expressed in cm.)
